The source of human memory and learning lies in the plasticity of brain synapses, where the degree of connections between neurons is set by the synaptic strength (or weight), which is much more efficient than conventional computational systems in solving complex problems. electrons/holes and setting the resulting multi-state conductivity as the weight.
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electrons/holes and setting the resulting multi-state conductivity as the weight. [5] [6] [7] [8] [9] [10] [11] In addition to the charge-based devices, devices based on the spin degree of freedom, such as magnetoelectric coupled memtranstors, spin-transfer torque (STT) memristors, and spin-orbit torque magnetic bilayers have also been suggested for implementation in synaptic electronics recently. [12] [13] [14] [15] [16] [17] [18] [19] [20] Stochastic synapses that utilize the intrinsic time randomness of STT reversal in a single magnetic tunnel junction (MTJ) have already shown their potential for spiking neural network (SNN) applications. 21, 22 For the implementation of conventional multi-state synaptic plasticity, current-driven magnetic domain wall motion has been employed by the spintronic community [16] [17] [18] [19] .
However, since the exhibited magnetic states of a ferromagnet are often binary, or consist of multiple states with no control over stochastic switching fields, 17 a generally applicable method that allows a binary ferromagnet to exhibit tunable multi-state current-driven switching behavior is strongly desired.
Unlike current-driven devices employing the STT, it is not necessary for the electric current to pass directly through the ferromagnetic layers in devices employing spin-orbit torques (SOTs). Therefore, current-induced magnetization switching by SOTs can have the advantages of simpler device design, and more reliable and energy efficient operation. 23 In heavy metal (HM)/ferromagnetic metal (FM) bilayer systems, the origins of the SOTs are the spin Hall effect (SHE) in the HM and/or the Rashba effect from interfacial inversion asymmetry. [24] [25] [26] When the magnetization reversal mechanism involves the nucleation and driving of domain walls by the SOTs, the presence of the Dzyaloshinskii-Moriya interaction (DMI) arising at the heavy metal/ferromagnet interface necessitates the application of a static in-plane magnetic field to realize current induced deterministic switching of perpendicular magnetization. 27 Without an external magnetic field, switching assisted by equivalent in-plane magnetic fields has been demonstrated using a wedge oxide capping layer, a polarized ferroelectric substrate, and stacks with exchange bias or interlayer exchange coupling using antiferromagnetic layers. 20, [28] [29] [30] [31] [32] Considering that antiferromagnets have strong exchange interaction between neighboring magnetic atoms and thus small domains, spin-orbit torque induced gradual switching behaviors are observed not only 4 / 37 in an antiferromagnet itself, but also in the neighboring ferromagnetic layer interfaced with the antiferromagnet, respectively. 20, 33 Inspired by this, Olejník et al 34 and Borders et al 35 respectively developed an antiferromagnetic CuMnAs multi-level memory cell, and a network consisting of 36 antiferromagnet/ferromagnet bilayer devices with magnetic-field-free multi-state SOT switching behaviors for associative memory operations, recently. However, for a ferromagnetic system it is still challenging to experimentally control the number of magnetic switching states (from binary to multiple states) in order to enable it as a spintronic synapse.
Here, we demonstrate magnetic-field-free SOT-induced multi-state synaptic For the Pt/FM1/Ta/FM2 system, magneto-optical Kerr characterization of the pillar shows rectangular hysteresis loops in both out-of-plane and in-plane directions (see Supplementary S1), indicating that the thinner Co(1.3 nm) layer exhibits PMA and the thicker Co(4 nm) layer exhibits IMA, which respectively serve as the free layer and the fixed layer. The Pt/FM1/Ta reference system was processed into the same device configuration, i.e. Ta(0.5)/Pt(3) Hall bars, but with a 6 μm-wide (and also a 20 μm-wide)
2)/AlOx(2) square pillar at the cross of each Hall bar.
Measurements of both the magneto-optic Kerr effect and the Hall resistance (RH) from the anomalous Hall effect (AHE) were used to evaluate the perpendicular magnetization component (mz) of the Co(1.3 nm) free layer in the pillars. As shown in Figure 1a , the input currents for the AHE measurement and for the SOT-induced switching were applied along the x-direction, while the AHE voltage (VH) was detected at the other channel with +y-direction. RH was obtained by dividing VH with a low measurement d.c. current of 100 μA. Note, that with this measurement geometry, the sign of RH is in accordance with the direction of mz, i.e. positive (negative) RH represents +z (-z) directed moment. To understand the origin of the multi-state magnetization reversal of FM1 in the Pt/FM1/Ta/FM2 system, we will focus on a Pt/FM1/Ta reference system without the In conclusion, we have tuned a binary perpendicular ferromagnet FM1 into a 
Methods
Film Preparation. The films were deposited at room temperature onto Si wafers with a natural oxidation layer. Radio-frequency (RF) magnetron sputtering was used to deposit the AlOx layer, and d.c. magnetron sputtering was used to deposit the other layers. The base pressure of the chamber was less than 2×10 -6 Pa, and Ar gas was used were generated using an Agilent B1500A semiconductor device analyzer with the semiconductor pulse generator unit (SPGU).
Data availability. The data that support the results of this study are available from the corresponding author on reasonable request. 
S2. Adjustable current-induced magnetic switching direction by reversing the premagnetization of FM2
After applying a field of 20 mT along the -x-direction, the magnetization of FM2 was expected to be reversed. Then we removed the external field and measured the pulse current induced RH-Jx loop using the same pulse sequence that used for -Jx function, which can be represented as
Using the experimental waveform function of E0, E1 and E2 in Manuscript Figure   2c and 2e, the simulated STDP windows, as shown in Supplementary Figure 4b 
S5. The magnetization reversal mechanism

Domain wall motion images
We directly imaged the domain patterns of the Pt/FM1/Ta device with 20 μm-wide Figures 5c2-c9) . Regardless of the nucleation numbers, the switching process in our Pt/FM1/Ta structure with μ0Hx = 120 mT is thus dominated by domain wall propagation.
Thus, the underlying mechanism for the multi-state magnetization reversal in our Pt/FM1/Ta structure with in-plane external field, and therefore the Pt/FM1/Ta/FM2 structure with inherent antiferromagnetic coupling field, should be ascribed to a pulse magnitude-dependent domain wall motion process. 
Determination of the DMI field
Current induced domain wall motion in ferromagnetic metal (FM)/ heavy metal (HM) systems with perpendicular magnetic anisotropy is understood to arise from a combination of the spin transfer torque (STT) mechanism due to electrons flowing within the ferromagnetic material, and the anti-damping (also known as Slonczewski-
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like) torque due to the spin accumulation at the heavy metal/ferromagnet interface, generated by the spin Hall effect (SHE) in the heavy metal 47 . We refer to the later mechanism as SHE-STT to distinguish it from the former conventional STT mechanism.
The Rashba effect, arising due to an asymmetric layer structure, can give rise to fieldlike 48 and Slonczewski-like torques 40, 49 . 31 / 37
Numerical calculations
We modelled the motion of a domain wall using the rigid one-dimensional model modified to include the effects of STT, SHE-STT and DMI. The model has been shown to provide a good qualitative description of domain wall motion along nanowire strips with perpendicular magnetic anisotropy, including the effects of the SHE-STT and DMI [52] [53] [54] [55] . The model describes the domain wall behaviour through two coupled
Equations (1) and (2) based on the position X along the nanowire and the azimuthal angle ϕ.
Where the parameters, with values appropriate for the studied Pt/Co/Ta trilayer system include the Gilbert damping term, α = 0.2, the gyromagnetic ratio, γ = 2.21×10 
/ 37
Supplementary Figure 7a shows the calculated domain wall velocity, v, versus the current density j, for various μ0Hx, when the pinning potential is relatively weak (B = 8×10 -29 J). As current increases, the velocity increases initially, before saturating at some value which is dependent on μ0Hx. This is because the SHE-STT term tends to drive the azimuthal angle, ϕ, towards some equilibrium value between the Bloch and Néel configurations, at which point � = 0 and a constant velocity is maintained which depends on the balance between the terms involving HSHE and Hx. For larger μ0Hx, the velocity is higher at any value of current because the applied field acts against the tendency for ϕ to rotate towards the Bloch configuration, thereby allowing the SHE-STT to make a more significant contribution to the overall velocity. In this regime, the pinning potential has a relatively weak effect on the domain wall motion.
Supplementary Figure 7b shows the calculated velocity versus current for a relatively strong pinning potential (B = 8×10 -28 J). Now the pinning potential has a more significant effect on the domain wall motion. For low current densities the velocity is suppressed because the pinning potential prevents uniform domain wall motion. At higher current densities the domain wall motion becomes less stochastic and the velocity increases significantly with increasing current density, until it saturates in a similar manner to that observed for the weak pinning potential. 
Discussions of the broadened magnetization reversal process
At low current densities, where domain wall motion is stochastic, increasing μ0Hx decreases the importance of the terms involving HSHE relative to those involving Hx in
Equations (1) and (2), and ϕ remains close to the Néel configuration i.e. the SHE-STT term does not drive ϕ significantly away from ϕ = 0. Domain wall motion can only proceed by stochastic fluctuations of ϕ, that are large enough to allow the last term in Equation (1) to drive the domain wall motion across the pinning potential landscape.
Increasing μ0Hx supresses the fluctuations in ϕ and therefore reduces the average domain wall velocity in this regime.
At high current densities, the opposite trend is observed. Here, HSHE is significantly larger than Hx and is the dominant term in determining the domain wall velocity. As in the case with weak pinning potential, increasing μ0Hx causes the equilibrium value of ϕ to be closer to the Néel configuration, thereby increasing the contribution of the SHE-STT term to the domain wall velocity. Consequently, at high current densities, increasing μ0Hx causes the domain wall velocity to increase.
At intermediate current densities there is a transition between the regimes described above. For low μ0Hx, increasing μ0Hx causes domain wall velocity to increase, whereas for higher μ0Hx, the opposite trend is observed. This intermediate regime gives a good qualitative agreement with our experimental observations. We define a threshold domain wall velocity that is necessary in order to observe switching of the magnetization (in this case we choose v = 30 m s -1 , but the absolute value is not too important because the model is expected to give only qualitative understanding) and we plot the current density at which that velocity is reached as a function of μ0Hx in the weak and strong pinning regimes. As shown in Supplementary Figure 7c 
